We report on structural chemical state of doped Mn atoms in single crylstalline Mn doped GaN nanowires by X-ray absorption spectroscopy. Anomalous X-ray scattering and K -edge X-ray absorption fine structure measurement make it clear that Mn atoms substitute the Ga sites and they largely take part in the wurtzite network of host GaN. X-ray absorption and X-ray magnetic circular dichroism spectra at Mn L 2 3 -edges show that doped Mn has local magnetic moment and the electronic configuration of the doped Mn is mainly 3d 5 component. The structural and chemical states of the doped Mn atoms imply that they ascribe to the observed ferromagnetism in these diluted magnetic semiconductor nanowires.
Room temperature ferromagnetism in the diluted magnetic semiconductors (DMSs) has primarily focused on wide bandgap III-V semiconductors, particularly Mndoped GaN and ZnO, as theoretical calculations indicates a Curie point higher than room temperature in these systems. 1 2 Numerous experiments have reported on the room temperature ferromagnetism. [3] [4] [5] However, the ferromagnetism for GaN-based DMS system is still controversial, due to the possibility of ferromagnetic secondary phases and uncertainty of strong magnetic interactions between well-separated magnetic dopants. 6 7 Meanwhile, nanowires have been recently interested with respect to the investigation of ferromagnetism in DMSs 8 9 because they are thermodynamically stable features and are typically single crystalline and free of defects. [8] [9] [10] Thus, they can safely exclude the effects of defects and the non-uniform distribution of dopants that are typically observed in DMSs prepared by non-equilibrium processing (e.g., molecular beam epitaxial process). Specifically, the free standing nature of the nanowires makes it possible to further exclude the effect of a thermal-and lattice mismatch of the substrate and opens the possibility * Author to whom correspondence should be addressed.
of determining the intrinsic magnetics under fully relaxed states. Therefore, nanowire system has shown uniqueness with respect to the investigation of ferromagnetism in DMSs. 8 9 In the previous study, we reported on preparation of Mn-doped GaN nanowires and their room temperature ferromagnetism. [10] [11] [12] The GaN:Mn nanowires exhibited room temperature ferromagnetism and hysteretic magnetoresistances (MRs) up to 250 K, showing homogeneous ferromagnetic nature from spin-dependent electron transport. The electrical characterizations including conductance with temperature, gate-dependent conductance from an individual nanowire, and electroluminescence (EL) from nanowire-based light emitting diode structures indicated that they are p-type semiconductors. These outcomes demonstrated that ferromagnetism can be achieved by doping Mn into the GaN nanowires. Meanwhile, information on the structural and chemical states of Mn atoms in the GaN phase should helpful to develop a way of spin manipulation in this DMS. Herein, we report on structural and chemical states of doped Mn atoms in single crystalline GaN:Mn nanowires determined by using X-ray absorption spectroscopy (XAS). Doped Mn atoms substitute the Ga sites and they largely take part in the wurtzite network of host GaN. X-ray absorption and X-ray magnetic circular dichroism (XMCD) spectra at Mn L 2 3 -edges show that doped Mn has local magnetic moment and the electronic configuration of doped Mn is mainly 3d 5 component. The nanowires in this study were prepared by a chloride-based chemical vapor deposition process. 9 10 Ga 0 93 Mn 0 07 N nanowires were grown by transporting gallium chloride (GaCl 3 and manganese chloride (MnCl 2 onto sapphire substrates under a flow of ammonia (NH 3 at 800 C. They were single crystalline, approximately 100 nm in diameter, several m in length and were doped with 7% of Mn, according to transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) characterization. Pure GaN nanowires are used as reference samples. 13 Anomalous X-ray scattering (AXS) measurement was carried out at the beamline 5A1 at Pohang Light Source (PLS). For the structural information of the samples, regular X-ray powder scans were performed below the absorption edges of each sample. For the AXS measurements, the diffraction intensity was measured as a function of momentum transfer at incident X-ray energy and the scattering intensity was monitored as the X-ray energy was varied through Mn K-edge. Good counting statistics were ensured in data collection. Ga and Mn K-edge X-ray absorption fine structure (XAFS) spectra were collected in fluorescence mode at the 3C1 beamline of PLS at room temperature. A Si(111) double-crystal monochromator was used to select a wavelength of 0.1541 nm within an energy resolution of / = 2 × 10 −4 . The beam on the GaN:Mn nanowires grown on the sapphire substrate was collimated at the sample position to 5 mm (horizontal) by 3 mm (vertical). To minimize the effects of higher harmonics after the monochromator, the second crystal was tilted such that the intensity of the incident beam was detuned to 15% of its maximum at the K-edge. A nitrogen flowing ionization chamber was used as the beam monitor. XAS and XMCD measurements were carried out at the 2A beamline of PLS. The spectrum was obtained in a total electron yield (TEY) mode.
The doped Mn atoms can be existed substitutionally and/or interstitially in the GaN phase or secondary phases, and it has to be clearly determined for further discussion. In order to investigate how the Mn atoms are incorporated in the GaN nanowires, we measured AXS for the GaN:Mn nanowires around Mn K-edge. For AXS study, a powder scan was first performed to determine the position of the GaN:Mn (1011), (0002) and (1010) reflections ( Fig. 1(a) ). X-ray diffraction (XRD) patterns were indexed to be a wurtzite structure and no detectable peaks corresponding to any of the Mn-related secondary phases were found. Figure 1(b) shows the AXS spectra, taken by measuring diffraction intensity as a function of photon energy while keeping the scattering vector q at the Bragg peak. The diffused fluorescence background was also measured simultaneously and subtracted. The atomic scattering factors are the combination of nonresonant Thomson scattering factor f 0 and anomalous scattering factor f composed of real part f and imaginary part f f = f + if ). A concentration of a specific element in the reflection resulted in a cusp at the relevant absorption edge. Absence of a cusp at the related absorption edge indicated the absence of that specific element in the reflection. In AXS, the anomalous form factors change near the absorption edge. If the element is associated with Bragg peak, then elemental absorption causes a decrease in the Bragg intensity at its absorption edge, and a cusp caused by the interference between the Thomson scattering amplitude and the real part of the anomalous scattering amplitude appears in the energy scan of the Bragg peak.
14 Such behavior was observed for the GaN:Mn nanowires. As shown in Figure 1(b) , Mn in the nanowires was found to be associated with the Bragg (1011), (0002) and (1010) peaks, respectively, and the spectra exhibit an intensity cusp at the all reflection positions of Mn K-edge. However, it is clearly absent for pure GaN. This indicates that doped Mn atoms randomly participate in the wurtzite network of the host GaN.
We further confirmed that the doped Mn of the nanowires grown on the entire substrate is primarily in a 2+ charge state and substitutes for Ga from the Mn and Ga K-shell XAFS. As shown in X-ray absorption near-edge structure (XANES) spectroscopy of Figure 2(a) , the normalized K-edge spectra of Ga in pure GaN and GaN:Mn nanowires show similarities in their pre-edge regions and oscillatory structures. A Mn K-edge spectrum in the nanowires was observed at the pre-edge peak at 6539.8 eV, corresponding to transitions from the 1s core level to the 3d localized states. The Mn spectrum for Mn doped nanowires is compared with that of MnO (d 5 and Mn 2 O 3 (d 4 , which were measured at the same time. The Mn spectrum of nanowires is identical and the overall lineshape is similar to that of MnO, but largely different from Mn 2 O 3 . 15 In particular, the position of the absorption edge coincides with that of MnO. 16 Figure 2(b) shows the Fourier transformation (FT) curves of experimental extended X-ray absorption fine structure (EXAFS) x oscillations with the wave number k 2 for pure GaN and GaN:Mn nanowire (inset in Fig. 2(b) ). The positions of the peaks on these curves show that the radial distribution of atoms around the Mn is quite similar to those around Ga. This suggests that the Mn atoms substitute for Ga in the GaN lattice. Furthermore, the theoretically fitted FT curves plotted as the solid line using FEFF 8.2 17 are in good agreement with the experimental results. It further suggests that Mn atoms are substitutionally present at Ga sites. Importantly, no signatures of other sites of Mn were observed, such as in the metallic or secondary phase of Mn.
To study the valence of 3d states more precisely, we also measured the Mn L 2 3 -edges XAS of nanowires and the reference valence states of Mn ions, 18 as they will present the dipole transition probability from Mn 2p to Mn 3d and provide information on the 3d states more directly than K-edge. As shown in Figure 3(a) , the typical Mn L 2 3 -edges XAS spectrum for the nanowires is qualitatively similar to that of MnO, suggesting that the doped Mn is largely in a 2+ charge state. In order to determine whether the local spin moments align ferromagnetically in the GaN:Mn nanowires, we measured the XMCD spectra of the Mn L 2 3 absorption edges. Figure 3(b) shows the XMCD spectra for the GaN:Mn nanowires ( + − − from the difference between the two spectra. The dichroism signals at Mn L 3 -edge were measured successfully at all measured temperatures, meaning that the negative peaks are associated with ferromagnetic components. The signal showed nearly identical line shapes for the MCD spectra and its integration (I) of the nanowires doped with Mn atoms, 20 the similar line shape of the integration means about the same spin-to-orbital moment ratio and the magnetic moment per Mn atoms is estimated to be about 0.21 B at 10 K. As shown in Figure 3(c) , the temperature dependence data for the wires reveal the ferromagnetic ordering temperature of ∼300 K. The dichroism spectra in the Mn L 3 absorption were composed of peaks (640 1 ± 0 05 eV) without significant change in the line shape.
Our structural and chemical characterizations of GaN:Mn nanowires show the evidences that the Mn atoms are substitutionally doped with divalent state, and possess the local spin moment align ferromagnetically. It also shows no evidence of Mn related secondary phases. There results imply that the ferromagnetism in GaN:Mn nanowires is ascribed by these substitutionally doped Mn +2 ions.
